Microtubules and actin filaments regulate plasma membrane topography, but their role in compartmentation of caveolae-resident signaling components, in particular G protein-coupled receptors (GPCR) and their stimulation of cAMP production, has not been defined. We hypothesized that the microtubular and actin cytoskeletons influence the expression and function of lipid rafts/caveolae, thereby regulating the distribution of GPCR signaling components that promote cAMP formation. Depolymerization of microtubules with colchicine (Colch) or actin microfilaments with cytochalasin D (CD) dramatically reduced the amount of caveolin-3 in buoyant (sucrose density) fractions of adult rat cardiac myocytes. Colch or CD treatment led to the exclusion of caveolin-1, caveolin-2, ␤ 1 -adrenergic receptors (␤ 1 -AR), ␤ 2 -AR, G␣ s , and adenylyl cyclase (AC) 5/6 from buoyant fractions, decreasing AC 5/6 and tyrosine-phosphorylated caveolin-1 in caveolin-1 immunoprecipitates but in parallel increased isoproterenol (␤-AR agonist)-stimulated cAMP production. Incubation with Colch decreased co-localization (by immunofluorescence microscopy) of caveolin-3 and ␣-tubulin; both Colch and CD decreased co-localization of caveolin-3 and filamin (an F-actin cross-linking protein), decreased phosphorylation of caveolin-1, Src, and p38 MAPK, and reduced the number of caveolae/m of sarcolemma (determined by electron microscopy). Treatment of S49 T-lymphoma cells (which possess lipid rafts but lack caveolae) with CD or Colch redistributed a lipid raft marker (linker for activation of T cells (LAT)) and G␣ s from lipid raft domains. We conclude that microtubules and actin filaments restrict cAMP formation by regulating the localization and interaction of GPCR-G s -AC in lipid rafts/caveolae.
An example of a physiologically important GPCR is the ␤-adrenergic receptor (␤-AR), whose activation by the sympathetic nervous system or circulating catecholamines is a key mechanism for the production of cAMP in numerous tissues, including the mammalian heart (19) . As indicated above, substantial data indicate that ␤-AR-stimulated cAMP formation can be enhanced by agents that disrupt microtubules or actin filaments, but the precise mechanisms have not been defined (6, 20, 21) . Other findings indicate co-localization with and regulation by caveolins of ␤-AR and other GPCR, G s , and ACs (18, 22) . Because the effectiveness of this signaling cascade depends upon the organization and location of signaling proteins within the plasma membrane, we tested for a mechanistic link between the localization of GPCR signaling components in caveolae and the ability of cytoskeletal agents to alter ␤-AR signal transduction. We, thus, assessed the impact of disruption of microtubules and actin filaments on the distribution of caveolae, caveolins, and GPCR signaling components as related to GPCR-G s mediated-cAMP production. The results indicate that intact microtubules and actin filaments contribute to the presence of caveolae and tonic inhibition of GPCR-G s -AC signal transduction.
EXPERIMENTAL PROCEDURES
Materials-Antibodies were: to AC 5/6 , ␤ 1 -AR, ␤ 2 -AR, and G␣ s (Santa Cruz Biotechnology, Santa Cruz, CA); to caveolin-3, caveolin-2, caveolin-1 (monoclonal), and phosphorylated caveolin (P-Cav) (BD Biosciences); to caveolin-3 (polyclonal) and to linker for activation of T cells (LAT) (AbCam, Cambridge, MA); to Src, P-Src, p38, and P-p38 kinase antibodies (Cell Signaling, Beverly, MA); to phosphorylated extracellular signal-regulated kinase 1/2 (Stressgen, Victoria, BC, Canada). Glyceraldehyde-3-phosphate dehydrogenase antibody was obtained from Imgenex (San Diego, CA). Fluorescein isothiocyanate and Alexa-conjugated secondary antibodies were from Molecular Probes (Carlsbad, CA)/ Invitrogen. Other secondary antibodies were obtained from Santa Cruz Biotechnology. Filamin and ␣-tubulin and all other chemicals and reagents were obtained from Sigma unless otherwise stated.
Culture of Cardiac Myocytes (CMs) and S49 Cells-Adult male Sprague-Dawley rats (250 -300 g) or C57BL mice (aged 8 -10 weeks, 24 -26 g) or Cav-1 Ϫ/Ϫ mice (The Jackson Laboratory Bar Harbor, Maine) were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg), and hearts were excised and retrograde-perfused with media containing collagenase II, as previously described (18) . Animals were heparinized (1000 -2000 units intraperitoneally) 5 min before anesthesia. Hearts were removed, placed in ice-cold cardioplegic solution (containing in 112 mM NaCl, 5.4 mM KCl, 1 mM MgCl 2 , 9 mM NaH 2 PO 4 , 11.1 mM D-glucose, 10 mM Hepes, 30 mM taurine, 2 mM DL-carnitine, 2 mM creatine, pH 7.4) and retrogradeperfused on a Langendorff apparatus for 5 min at 5 ml/min at 37°C and then for 20 min with media containing collagenase II (250 units/mg; Worthington). Ventricles were minced in collagenase II-containing media for 10 -15 min, washed several times, and placed in 1.2 mM Ca 2ϩ for 25 min to produce calcium-tolerant CMs. CMs were plated in 4% fetal bovine serum on laminin (2 g/cm 2 )-coated plates for 1 h and then serum-free medium (1% bovine serum albumin) to remove non-myocytes. CMs were incubated at 37°C in 5% CO 2 for 24 h before experiments. S49 cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated horse serum FIGURE 1. Distribution of AC 5/6 , ␤ 1 -AR, ␤ 2 -AR, G␣ s , and caveolin (Cav) isoforms and effects on isoproterenol-stimulated cAMP accumulation after cytoskeletal disruption of adult CMs. A, AC 5/6 , ␤ 1 -AR, ␤ 2 -AR, G␣ s , Cav-1, -2, and -3 were detected in BF (lanes 4 and 5) and HF (lanes 10 -12) from sucrose density fractionation of Na 2 CO 3 extracts. Colch (30 M; 1 h) (B) and CD (20 M; 1.5 h) (C) treatment of adult CM resulted in the exclusion of AC 5/6 , ␤ 1 -AR, ␤ 2 -AR, G␣ s , Cav-1, -2, and -3 from BF without changing total cellular protein levels as indicated in whole cell lysates (WCL). D, isoproterenol (iso, 10 min)-, but not forskolin (Fsk, 10 min)-stimulated cAMP accumulation significantly increased (p Ͻ 0.05) in CMs treated with Colch, nocodazole (Nocod, 33 M; 1 h), and CD compared with non-treated CM. Data are expressed as total pmol of cAMP/mg Ϯ S.E. (63,000 cells/well), conducted in triplicate from cell isolated from four different animals (n ϭ 4). CNTL, control.
and 10 M HEPES in 10% CO 2 at 37°C; S49 cells were studied at 10 6 cells/ml. Membrane Fractionation-CM and S49 cells were fractionated using a detergent-free method (23) . CM from a 15-cm plate or 10 7 S49 cells were washed twice in ice-cold PBS and scraped in 3 ml of either 500 mM Na 2 CO 3 , pH 11.0, to extract peripheral membrane proteins. Cells were homogenized using three 10-s bursts of a tissue grinder and then sonicated with 3 cycles of 20-s bursts of sonication and a 1-min incubation on ice. Approximately 2 ml of homogenate were mixed with 2 ml of 90% sucrose in 25 mM MES, 150 mM NaCl (MBS, pH 6.5) to form 45% sucrose and loaded at the bottom of an ultracentrifuge tube. A discontinuous sucrose gradient was generated by layering 4 ml of 35% sucrose prepared in MBS, 250 mM Na 2 CO 3 followed by 4 ml of 5% sucrose (in MBS/Na 2 CO 3 ). Gradients were centrifuged at 280,000 ϫ g using a SW41Ti rotor (Beckman) for 16 -20 h at 4°C. Samples were removed in 1-ml aliquots to form 12 fractions.
Immunoprecipitation-Immunoprecipitations were performed using either protein A or protein G-agarose (Roche Applied Science). Lysates were incubated with primary antibody for 1-3 h at 4°C, immunoprecipitated with protein-agarose overnight at 4°C, and then spun for 5 min at 13,000 ϫ g. The pellets were washed in lysis buffer (50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 1% IGEPAL CA-630) then in wash buffer 2 (50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 0.2% IGEPAL CA-630) and wash buffer 3 (10 mM Tris-HCl, pH 7.5, 0.2% IGEPAL CA-630).
Immunoblot Analysis-Proteins were separated by SDS-PAGE using 10 or 12% acrylamide gels (Invitrogen) and transferred to polyvinylidene difluoride membranes (Millipore) by electroelution. Membranes were blocked in 20 mM PBS Tween (1%) containing 1.5% nonfat dry milk and incubated with primary antibody overnight at 4°C. Primary antibodies were visualized using secondary antibodies conjugated with horseradish peroxidase (Santa Cruz Biotechnology) and ECL reagent (Amersham Biosciences). All displayed bands migrated at the appropriate size as compared with molecular weight standards (Santa Cruz Biotechnology). The amount of protein per fraction was determined using a dye-binding protein assay (Bio-Rad).
Immunofluorescence Microscopy of CMs-CMs were prepared for immunofluorescence microscopy as described (18) with growth for 24 h after plating on precoated laminin (2 g/cm 2 ) glass coverslips. Cells were fixed with 2% paraformaldehyde in PBS for 10 min at room temperature, incubated with 100 mM glycine, pH 7.4, for 10 min to quench aldehyde groups, permeabilized in buffered Triton X-100 (0.1%) for 10 min, blocked with 1% bovine serum albumin (BSA), PBS, Tween (0.05%) for 20 min, and then incubated with primary antibodies (1:100) in 1% BSA, PBS, Tween (0.05%) for 24 -48 h at 4°C. Excess antibody was removed by incubation with PBS, Tween (0.1%) for 15 min; samples were then incubated with fluorescein isothiocyanate or Alexa-conjugated secondary antibody (1:250) for 1 h. To remove excess secondary antibody, cells were washed 6ϫ at 5-min intervals with PBS, Tween (0.1%) and incubated for 20 min with the nuclear stain 4Ј,6-diamidino-2-phenylindole (1:5000) diluted in PBS. Cells were washed for 10 min with PBS and mounted in gelvatol for microscopic imaging.
Deconvolution Image Analysis-Deconvolution images were obtained (18) and captured with a DeltaVision deconvolution microscope system (Applied Precision, Inc., Issaquah, WA), which includes a Photometrics CCD mounted on a Nikon TE-200 inverted epifluorescence microscope. Between 30 and 80 optical sections spaced by ϳ0.1-0.3 m were taken. Exposure times were set so that the camera response was in the linear range for each fluorophore. Data sets were deconvolved and analyzed using SoftWorx software (Applied Precision, Inc.) on a Silicon Graphics Octane work station. Image analysis was performed with the Data Inspector program in SoftWorx. Maximal projection volume views or single optical sections are shown as indicated. Quantitation of Co-localization-We quantitated the co-localization of pixels using CoLocalizer Pro 1.0 software. Overlap coefficient according to Manders (MOC) was used to determine the degree of colocalization on whole cells or sarcolemmal regions after subtracting background through normalized threshold values (24) . The values are defined by 0 -1 (1 implying that 100% of both components overlap with the other part of the image). Statistics were performed with Prism.
Electron Microscopy-Cells were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer for 2 h at room temperature, postfixed in 1% OsO 4 in 0.1 M cacodylate buffer (1 h) at room temperature, and embedded as monolayers in LX-112 (Ladd Research, Williston, VT), as described previously (25) . Sections were stained in uranyl acetate and lead citrate and observed with the use of an electron microscope (JEOL 1200 EX-II or Philips CM-10). Caveolae were identified as 50 -100-nm invaginations or vesicles within several nanometers of the membrane and quantitated on random images per length of membrane.
Measurement of cAMP Production-We assayed cAMP accumulation by incubating cells for 10 min with drugs of interest and 0.2 mM isobutylmethylxanthine, a cyclic nucleotide phosphodiesterase inhibitor. To terminate the reaction, assay medium was aspirated, and 250 l of ice-cold trichloroacetic acid (7.5%, w/v) was added. cAMP content in trichloroacetic acid extracts was determined by radioimmunoassay (18) . Production of cAMP was normalized to the amount of protein per sample (63,000 cells/well) as determined using a dye-binding protein assay (Bio-Rad).
Statistical Analysis-Data are expressed as mean Ϯ S.E. Student's unpaired t test was used to compare treatment groups with significance established at a level of p Ͻ 0.05.
RESULTS
Caveolin Isoforms, ␤-AR, G␣ s , and AC 5/6 Are Excluded from Buoyant Fractions of Adult CM after Cytoskeletal DisruptionTo test the impact of cytoskeletal disrupting agents on expression and co-localization of caveolins and GPCR-G s -AC, we investigated the distribution of caveolin-3 and signaling components in fractions prepared by sucrose density gradient fractionation of adult CMs treated with Colch or CDs using conditions previously validated to lead to inhibition of microtubule and actin filament assembly, respectively (26 -28) . Treatment with Colch or CD redistributed caveolins 1, 2, and 3 from buoyant fractions (fractions 4 and 5, termed buoyant caveolin-rich fractions (BF)) to heavy/non-buoyant fractions (fractions 9 -12 (HF)) and similarly redistributed ␤ 1 -AR, ␤ 2 -AR, AC 5/6 , and G␣ s (Fig. 1A-C) without changing protein expression in Colch-and CD-treated whole cell lysates (WCL) compared with control. In parallel with the redistribution of signaling components, the ␤-AR agonist isoproterenol stimulated the generation of more cAMP in Colch-, nocodazole (another microtubule disrupter)-, and CD-treated CMs ( Fig. 1D ; p Ͻ 0.05 versus control). These results show that agents that depo- A, Colch treatment decreased the amount of P-Cav-1, P-Cav-2, P-p38 MAPK, and P-Src tyrosine kinase after 60 min, whereas total Cav-1, Cav-2, and Cav-3 protein expression did not change. B, CD treatment decreased P-Cav-1, P-p38, and P-Src after 90 min without altering protein expression of total Cav-1, Cav-2, and Cav-3. C, P-Cav-1, P-Src, Total Src tyrosine kinase redistributed to HF after Colch and CD (Cyto D) treatment. CNTL, control.
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lymerize microtubules and actin filaments redistribute caveolin isoforms and ␤-AR signaling components (i.e. ␤-ARs, AC 5/6 , G␣ s ) from BF to HF and enhance ␤-AR-stimulated cAMP production, indicating that despite cellular redistribution of caveolins and disruption of caveolae (corroborated by electron microscopy, to be shown subsequently (see Fig. 6 )) components involved in cAMP generation have more catalytically productive interactions.
Co-immunoprecipitation Reveals Caveolin-1 and Caveolin-3 in Multiprotein Complexes in CMs-As suggested by previous work (29) regarding the interaction of caveolins and formation of hetero-oligomeric complexes, caveolin 1, 2, and 3 co-immunoprecipitated in lysates of CMs ( Fig. 2A) . Filamin is an F-actin cross-linking protein that can interact with caveolin-1 (10, 30).
To test whether such an interaction occurs in CM, we assessed whether caveolin-1 and caveolin-3 are present in filamin immunoprecipitates from CMs prepared from wild-type and caveolin-1 null mice; we detected caveolin-1 in both caveolin-3 and filamin immunoprecipitates prepared from control but not caveolin-1-null mice ( Fig. 2A) . Colch and CD decreased detection of AC 5/6 and phosphorylated caveolin-1 in caveolin-1 immunoprecipitates from adult CM (Fig. 2B) . Thus, all three caveolin isoforms are expressed and form multiprotein complexes in adult CM lysates, and inhibition of either microtubules or actin filaments decreases detection of phosphorylated caveolin-1 and AC in caveolin-associated complexes.
Colch and CD Treatment Redistributes Linker for Activation of T Cells (LAT) and G␣ s from Buoyant Fractions in S49 Cells-Previous work has demonstrated that treatment of murine S49
T-lymphoma cells with Colch and CD enhances ␤-AR-mediated cAMP production by post-␤-AR actions (8) . S49 cells possess lipid rafts but lack caveolae (32, 33) . LAT is an integral membrane protein and a marker for lipid rafts in T cells; lipid rafts can be isolated in buoyant fractions of disrupted cells (34, 35) . G␣ s has also been identified as a lipid raft constituent in T cells (34, 35) . We, thus, used murine S49 T-lymphoma cells to assess the impact of Colch and CD on localization of these lipid raft signaling components. We found that LAT and G␣ s of S49 cells partially localize in buoyant fractions after sucrose density fractionation (Fig. 3A) . Treatment with Colch ( Fig. 3B) and CD (Fig. 3C ) redistributed LAT and G␣ s to heavy fractions. Thus, disruption of microtubules and actin microfilaments redistributes components involved in cAMP production and T cell activation from lipid raft fractions in S49 cells.
Treatment with Colch and CD Decreases Caveolin-1, p38 MAPK, and Src Phosphorylation in Adult
CMs-In further studies with adult CMs we assessed signaling components that are distal to the generation of cAMP and also examined the impact of cytoskeletal disruptors on the expression of tyrosine-phosphorylated caveolin-1 and -2 (P-Cav-1 and -2), whose phosphorylation is mediated by Src tyrosine kinase family members (34) . Colch treatment decreased the amount of P-Cav-1, P-Cav-2, P-p38, and P-Src, albeit the latter exhibited a somewhat slower time course (Fig. 4A) . CD treatment decreased expression of P-Cav-1, P-p38, and P-Src but not P-Cav-2 (Fig. 4B) . Phosphorylated extracellular signal-regulated kinase 1/2 expression was not altered after treatment with Colch or CD (data not shown). Sucrose density centrifugation revealed that in control cells the majority of P-Cav-1 and P-Src (but not Src (T-Src in Fig. 4C) ) distribute to BF, with some P-Src in HF; Colch or CD treatment decreased and redistributed P-Cav-1, P-Src, and T Src (Fig. 4C) . The antibody for P-Src may cross-react with other Src family members in equivalent phosphorylation states (according to the antibody manufacturer), thus potentially explaining the different bands detected in BF and HF. Overall, these studies demonstrate that disruption of microtubules and actin filaments in adult CM alters phosphorylation of caveolin (without changing total caveolin expression), p38, and Src.
Immunofluorescence Microscopy of Adult CMs after Treatment with Colch and CD Reveals Irregular Caveolin-3 Clusters in Sub-
sarcolemmal Regions-We used immunofluorescence microscopy to directly assess the intracellular distribution of caveolin-3 after cytoskeletal disruption. In untreated cells, caveolin-3 co-localized with ␣-tubulin on the sarcolemma (Fig. 5A, left image) .
Colch treatment decreased co-localization between caveolin-3 and ␣-tubulin in the sarcolemma ( p Ͻ 0.05 versus control) (Fig. 5B) . Treatment with CD resulted in irregular caveolin-3 clusters in subsarcolemmal regions; quantitation revealed no reduction in co-localization between caveolin-3 and ␣-tubulin, in particular on the sarcolemma. Thus, colocalization between caveolin-3 and ␣-tubulin depends upon proper assembly of microtubules, with cytoskeletal disruption leading to irregular clustering of caveolin-3 in subsarcolemmal and intracellular regions.
Co-localization of Caveolin-3 and Filamin Is Decreased after Cytoskeletal Disruption-To determine whether filamin, an F-actin cross-linking protein and ligand of caveolin-1 (10) , is detected in multiprotein complexes with caveolin-3, we performed immunoprecipitation with CM lysates using a filamin antibody; we detected caveolin-3 in filamin immunoprecipitates (Fig. 6A) . Treatment with Colch, nocodazole, and CD decreased the amount of caveolin-3 in filamin immunoprecipitates. Immunofluorescence microscopy demonstrated colocalization of caveolin-3 and filamin on the sarcolemmal membrane and in subsarcolemmal regions but decreased colocalization after disruption of microtubules or actin filaments (Fig. 6, B and C) . Thus, caveolin-3 localizes in multiprotein complexes with filamin; this complex is disrupted after depolymerization of microtubules or actin filaments.
Immunofluorescence Microscopy of Cytoskeletal-disrupted Adult CMs Reveals a Significant Reduction in Phosphorylation of
Caveolin-1-Treatment of CM with either Colch or CD decreased expression of P-Cav-1, as determined by immunoblotting (Fig. 2) and fractionation (Fig. 4) , but also altered cellular expression and distribution, as assessed by immunofluorescence microscopy (Fig.  7) . Control CM incubated with antibodies for P-Cav-1 (red pixels) and Cav-3 (green pixels) revealed discrete regions of co-localization on the sarcolemmal membrane and in sparse regions within the cell interior (Fig. 7A , far left image). Treatment with Colch or CD reduced caveolin-1 phosphorylation (p Ͻ 0.0001 versus control, Fig. 7, A and B) . Thus, both immunoblotting (Figs. 2 and 4) and microscopy ( Fig. 7) reveal that cytoskeletal disruption decreases P-Cav-1 in adult CMs.
Cytoskeletal Disruption Decreases the Number of Caveolae in CMs-We used electron microscopy to assess the presence of caveolae (50 -100-nm membrane invaginations or vesicles within close proximity (ϳ5-10 nm) to the sarcolemma) and observed loss of caveolae after Colch or CD treatment (Fig. 8) . Control CMs had abundant caveolae along the sarcolemma closely apposed to subsarcolemmal mitochondria (within 0.5 m of sarcolemma) (Fig.  8A ), but treatment with Colch (Fig. 8B) or CD (Fig. 8C ) decreased the expression of caveolae on the sarcolemma (Fig. 8 , Bi and Ci) and near subsarcolemmal mitochondria (Fig. 8, Bii and Cii) . Incubation with Colch resulted in vacuoles associated with ⍀-shaped membranes similar to caveolae (Fig. 8Biii) , whereas treatment with CD yielded 50 -100-nm diameter structures adjacent to the sarcolemma resembling fused caveolae (Fig. 8Ciii) . Colch or CD treatment decreased the number of caveolae ϳ60% (Fig. 8D) .
DISCUSSION
Microtubules and the actin-associated cytoskeleton (i.e. actin filaments) are key cellular components for establishing membrane topography, trafficking, and organelle movement. Function of cellular membranes (e.g. signal transduction) can be regulated by microtubules and the actin cytoskeleton (6, 9, 20, 21) , and the role of those cytoskeletal components changes during age and disease (35) . We combined the use of biochemical and microscopic techniques to investigate the role of microtubules and actin filaments in the expression of caveolae and the compartmentation of ␤-AR-G s -AC signaling components. We focused our efforts on adult CMs because 1) ␤-AR-G s -AC signaling components localize in caveolin-associated microdomains in these cells (18) , 2) alterations in microtubule content (35, 36) (despite the low abundance of cardiomyocyte tubulin (ϳ0.01% of myocyte protein)) and changes in number and morphology of caveolae occur during cardiac hypertrophy (37), and 3) evidence that caveolin redistributes in aged and failing hearts (38) and that microtubules are disorganized in myotubes in caveolin-3 null mice (39) .
Tissue remodeling involves alterations of both cellular and subcellular structures. For example, pressure-overload cardiac hypertrophy is associated with increased content of microtubules, whereas microtubular disruption increases contraction and alters Ca 2ϩ currents, ␤-AR responsiveness, and heart rate in cardiac myocytes (40) . Microtubular stabilization decreases cardiac Ca 2ϩ transients, implying a role in regulation of calcium handling (41) . In smooth muscle cells, increases in contractile tone due to mechanical stress result in cytoskeletal stiffening, actin accumulation at stress sites, and cell remodeling (42) . Treatment of smooth muscle cells with cAMP or cytochalasin B causes disintegration of actin filaments (43) , whereas treatment of endothelial cells with cAMP or agents that disrupt microtubules inhibits cell migration, and partial dissolution of microtubules leads to endothelial cell barrier dysfunction (44, 45) . Thus, microtubules and actin filaments contribute to cell migration, cellular remodeling, and barrier function.
Despite the cytoskeletal inhibitor-promoted alterations in lipid rafts/caveolae and in localization of signaling components, we observed an enhancement in ␤-AR-stimulated cAMP production after treatment of CM with Colch, nocodazole, and CD (Fig. 1D) ; such results imply that caveolae-related GPCR-G s -AC signal transduction is restrained by normal cytoskeletal assembly and dynamics. The findings in S49 cells imply that interaction of cytoskeletal components with lipid rafts even in the absence of caveolae restrain such interactions. The results provide a mechanism to explain findings in the numerous reports that have implicated cytoskeletal components in regulating cAMP synthesis and [Ca] i (6, 20, 21, 46) and may relate to the ability of microtubular depolymerization to increase [Ca 2ϩ ] i transients (47) (48) (49) . Our results showing that cytoskeletal inhibitor-mediated loss of caveolae and redistribution of caveolin is associated with greater cAMP formation implies that an intact cytoskeleton acting via interaction with signaling components localized in lipid rafts and caveolae inhibits productive interaction among GPCR-G s -AC (Fig. 9) .
Tyrosine phosphorylation of caveolin has been associated with internalization of caveolae (4, 50) . Cell detachment can produce a shift in localization of phosphocaveolin-1 from focal adhesion sites to caveolae and in the internalization of cholesterol-enriched membrane microdomains (50) . We detected P-caveolin-1 and P-Src in buoyant fractions of CM, a co-localization that was lost after cytoskeletal disruption. Such findings implicate caveolar microdomains in maintenance of the fidelity of multiple signaling pathways and, in addition, as possible sites of attachment to the extracellular matrix in CMs and perhaps other cells (51) .
We also found constitutive phosphorylation of caveolin-1, caveolin-2, p38 MAPK, and Src in CMs but that such phosphorylation was reduced after treatment with agents that decrease the presence of caveolae (Figs. 4 and 8) . Although the role of phosphorylated caveolins in signal transduction is not well understood, we hypothesize that such phosphorylation is important for maintaining caveolin hetero-and homo-oligomers (29, 52) and for scaffolding and recruitment of signaling components (53, 54) to caveolin-associated complexes, perhaps by stabilizing multiprotein complexes between caveolar resident and cytoskeletal proteins (i.e. tubulin and filamin), thereby optimizing cell signaling. In this regard, it is of note that in hypertrophied hearts, one finds a transient increase in the number of caveolae and abnormal caveolae associated with filamentous structures (37) and an increase in phosphorylated Src tyrosine kinase at Tyr-416 (55), the site required for caveolin phosphorylation. Such results suggest that cytoskeleton-membrane junctions may contain binding domains for Src family kinases and that phosphorylation by these kinases is important for signal transduction (56) . Because low M r phosphotyrosine-protein phosphatase and protein-tyrosine phosphatase 1B localize to caveolae, co-immunoprecipitate with caveolin (51), and dephosphorylate P-Cav (31, 57), future studies that assess the impact of cytoskel-FIGURE 9. Schematic diagram displaying the molecular organization of GPCR-associated signaling components in caveolar microdomains before (A) and after (B) cytoskeletal disruption. A, under basal conditions, phosphorylated caveolin oligomers scaffold GPCRs, G proteins, and adenylyl cyclase within caveolar microdomains, and this depends upon intact cytoskeletal components. B, agents that disrupt microtubules (Colch) or actin filaments (CD) lead to the loss morphologic caveolae, decreased phosphorylation of caveolin oligomers, and a loss in the tonic inhibition of GPCR-mediated signal transduction by caveolin oligomers. The figure emphasizes caveolar domains but previous results and results shown in this manuscript imply that lipid rafts in cells without caveolae (e.g. S49 cells) can interact with cytoskeletal components and that in control cells this interaction restricts signal transduction by GPCR signaling components.
etal disruption on distribution and activity of these enzymes should prove of interest.
In conclusion, disruption of microtubules and the actin cytoskeleton produces loss of morphologic caveolae and redistribution of caveolar/lipid raft-resident proteins in parallel with increases in cAMP production, results that help explain previous observations related to the ability of cytoskeletal inhibitors to increase cellular cAMP levels. The ability of cytoskeletal components to influence caveolar-resident protein interactions and the phosphorylation state of caveolins has implications for signal transduction processes as well as for age-and pathophysiologicalrelated changes in the heart and other tissues (38) .
